We estimate the CP-violating W W γ and W W Z anomalous form factors, arising from CP-violating interactions in extended technicolor theories, and discuss their future experimental detectability. The electric dipole moment of the W boson is found to be as large as O(10 −21 ) e cm. We connect the CPodd W W γ and W W Z couplings to the corresponding CP-violating electroweak chiral lagrangian operators. The electric dipole moments of the neutron and the electron in technicolor theories are estimated to be as large as O(10 −26 ) e cm and O(10 −29 ) e cm respectively. We also suggest the potential to observe large CP-violating technicolor effects in the decay t → b + W + .
Introduction
Recent work on extended technicolor (ETC) model building [1, 2] has demonstrated that technicolor (TC) theories could survive the challenges posed by precision electroweak measurements, the fermion mass spectrum, and limits on flavor-changing neutral currents and various rare decay modes. However, CP violation in technicolor theories remains a puzzling problem despite much study beginning more than ten years ago [3] . In this paper we reexamine this problem in a generic ETC model, with attention focused on the CP-odd W W γ and W W Z anomalous interactions and their induced effects.
The electroweak symmetry breaking sector in technicolor theories can be most conveniently parameterized below the breakdown scale of chiral perturbation theory Λ χ by a gauged nonlinear chiral lagrangian [4, 5] . The scale Λ χ is approximately given by [6] ,
where f =
GeV is the Goldstone boson decay constant, and
where N f is the number of technifermion flavors (N f /2 is the number of technifermion weak doublets). Restricting attention to the minimal SU (2) L × SU (2) R chiral symmetry of the technifermions and imposing electroweak gauge invariance, thirteen CP-conserving and three CP-violating operators up to dimension-four 1 can be written down after using the classical equations of motion [4, 7] . The electroweak S, T and U parameters [8] , and the CP-even and CP-odd W W γ and W W Z couplings [9] , can all be conveniently described by these operators of the electroweak chiral lagrangian [7] .
When extended to a larger global symmetry (as in the one family TC model to be used in this paper), there will be pseudo-Goldstone-bosons (PGBs) appearing as effective degrees of freedom of the electroweak chiral lagrangian, and more operators can be written down beyond those for the minimal SU (2) L × SU (2) R chiral symmetry. These additional operators will not, however, generate any new interactions at tree level among the electroweak gauge bosons, beyond those already existing in the gauged SU (2) L × SU (2) R chiral lagrangian. In this paper, we will concentrate on the anomalous interactions among the electroweak gauge bosons. In particular, we will study the effects of CP-violating, ETC interactions on the triple-gauge-boson vertices (TGV's) measured below Λ χ . As the strength 1 Dimension counting of the electroweak chiral lagrangian operators will be explained in section 2.
of the vertices involving PGBs is expected to be the same as those involving only electroweak gauge bosons, the contribution of the PGBs to the CP-odd TGVs will be suppressed by at least α π (α is the fine structure constant) relative to the direct contribution from the CP-violating ETC interactions. We will therefore ignore the PGBs in this paper, and will restrict attention to the gauged SU (2) L × SU (2) R electroweak chiral lagrangian.
The size of the CP-violating dimension-four operators of the chiral lagrangian depends on the details of the high energy ETC sector, and simple dimensional estimates may not be trustworthy. Besides the suppression factor In this paper we estimate the effect of these CP-violating four-fermion operators on the CP-odd TGVs, and on further amplitudes induced by the CP-odd
TGVs. In the minimal standard model, the CP-odd TGVs are expected to arise via the Kobayashi-Maskawa (KM) mechanism [10] at the three-loop level [11] , and thus are suppressed by at least two powers of the weak coupling α π and by the small mixing effect among the three families of quarks. They are thus much too tiny to have experimental signatures in the near future. In technicolor theories, however, assuming maximal CP violation in the ETC sector, our estimates show that these CP-violating TGVs are much larger than in the minimal standard model, and are comparable to or larger than in other extensions of the standard model [12] . Still they seem unlikely to show up directly in the next generation of high energy collider experiments. It is the indirect low energy effects induced by these CP-odd TGVs, especially the electric-dipole-moment (EDM) of the neutron [13, 14] , that will be more accessible to future experiments. We thus include in this paper estimates of the induced EDMs of the neutron (and electron) in technicolor theories.
The paper is organized as follows. In section 2, we write down the CP-odd TGV's, and the CP-violating dimension-four chiral lagrangian operators, along with a table of the C, P and CP transformation properties of all chiral lagrangian operators up to dimension four. The connection between the CP-odd TGV's and the CP-violating chiral lagrangian operators is made. In section 3, we compute the contribution to the CP-odd TGV form factors from a class of CP-violating fourfermion operators induced by single ETC boson exchange. The future high energy experimental detectability of these TGVs is then discussed. The zero momentum limit of the TGVs is studied in connection with the CP-violating electroweak chiral lagrangian operators and the W boson EDM. In section 4, the EDMs of the electron and neutron, induced by the P-and CP-odd W W γ effective interaction, are computed and compared to current experimental limits. Some other contributions to the EDMs of the neutron and the electron are found to be less important. We present our conclusions in section 5.
CP-Violating TGV's And The Chiral Lagrangian
We begin by writing down the CP-odd W W V (V = γ, Z) vertices in momentum space, following the notation of Ref. [9] :
where p 1 , p 2 and p = p 1 +p 2 are the momenta carried by the W − , W + and V bosons respectively. The W bosons are taken to be on-shell. The form factors f V 4 (p 2 ),
could have imaginary parts if p 2 is above physical thresholds.
Since we will focus attention on effects from new physics above Λ χ , we have defined
as was done in Ref. [9] . We use the convention ǫ 0123 = 1.
The effective lagrangian for the CP-odd TGV's, which in momentum space corresponds to the p → 0 limit of Eq. (2), reads [9] :
where
where e is the electromagnetic coupling constant, and θ W is the Weinberg angle.
The TGV couplings g V 4 ,κ V andλ V are related to the form factors by,
The electric dipole moment (EDM) d W + and the magnetic quadrupole moment Q W + of the W + from physics above Λ χ are directly related to the TGV couplings
The first term in Eq. (3) is P-even and CP-odd. The second and the third terms are both P-and CP-odd. The first two terms are of dimension four and correspond to certain dimension-four terms in the electroweak chiral lagrangian.
The last term is of dimension six and is suppressed by a factor of O( vanishes as a consequence of electromagnetic gauge invariance.
We turn next to the electroweak chiral lagrangian. This is an effective low energy theory valid below the scale Λ χ . It can be obtained from a more fundamental theory by integrating out the (strongly interacting) heavy degrees of freedom above Λ χ , and the high energy physics effects are then contained in the coefficients of the chiral lagrangian operators. Sixteen independent operators up to dimension four can be written down [7] , after using the equations of motion, for the gauged, electroweak chiral SU (2) L × SU (2) R lagrangian. The leading operator can be obtained from the gauged scalar sector of the minimal standard model by taking the physical Higgs boson mass to infinity. It is given by,
where U ≡ exp(i π · τ /f ) and D µ U is its electroweak gauge covariant derivative. The The three independent, CP-violating, dimension-four operators of the electroweak chiral lagrangian were designated L 12 , L 13 , and L 14 in Ref. [7] . They are given by,
where W µν , B µν are the gauge field strengths of SU (2) L and U (1) Y respectively, and g and g ′ are their corresponding gauge couplings. The operators T and V µ live in the adjoint representation of SU (2) L and are singlets under U (1) Y . They are
The definitions adopted here for the coefficients α 12 , α 13 and α 14 differ from those in Ref. [7] by the symmetry factors of 2, It is interesting to observe that the operator L 13 is the CP-violating analog of L 1 of Refs. [4, 7] , which is directly related to the weak-isospin symmetric S param- 2 The operator field Vµ used in this paper is the same as denoted by Vµ in Refs. [4, 7] , it is used here to avoid confusion with Vµ denoting the γ or Z field.
eter. Similarly L 14 is the CP-violating analog of L 8 , directly related to the weakisospin-breaking U parameter. The CP-conserving partner of L 12 is the custodialsymmetry-breaking operator L 11 of Ref. [7] , which is the unique dimension-four Pand C-violating but CP-conserving operator L 11 ≡ α 11 gǫ µνρλ Tr(T V µ )Tr(V ν W ρλ ).
For convenience in relating the chiral lagrangian operators to the electroweak gauge boson vertices, we give in Table 1 the C, P and CP transformation properties of all chiral lagrangian operators up to dimension four in the unitary gauge (setting the Goldstone-boson fields to zero).
even odd odd [7] .
Note that the sixteen chiral lagrangian operators in general do not have simple transformation properties separately under C and P, though they can be classified as CP-even and CP-odd under the combined CP operation. In unitary gauge, however, they can all be classified as C(P)-even or C(P)-odd, as shown in Table 1 .
It can be seen from the table that in unitary gauge, both L 11 and L 12 have unique transformation properties under C, P and CP. Thus, these two operators might be isolated and probed experimentally, if proper observables are chosen and their size is large enough 3 .
In unitary gauge, the CP-even chiral lagrangian operators reduce to two-, three-, and four-gauge-boson vertices, whereas the CP-odd ones generate only threeand four-gauge-boson vertices. There are three independent CP-violating threegauge-boson vertices, generated by L 12 , L 13 and L 14 . They correspond to terms in the TGV effective lagrangian in Eq. (3). The CP-odd TGV couplings are related to α 12 , α 13 and α 14 by,κ
The on-shell condition for the W bosons has been used in deriving the above relations.
It is noted that there exists only one CP-odd four-gauge-boson vertex at the dimension-four level. It is generated by L 12 . (The CP-violating four-gauge-boson effective interaction described by L 14 is proportional to
vanishes.) This C-odd and P-even (CP-odd) effective W W Zγ vertex is given by,
where A ν denotes the photon field. This vertex could be interesting experimentally because of its uniqueness. For example, it could be studied at an eγ collider via the reaction e − γ → ν e W − Z, which has been used as a probe for the operator L 11 in
Ref. [16] .
CP-Violating Four-Fermion Operators
We now proceed to estimate the above CP-violating TGV parameters in technicolor theories, arising from the underlying ETC interactions. We consider a onefamily technicolor model, along with the three quark-lepton generations. The technifermions are taken to belong to the fundamental representation of an SU (N ) T C technicolor theory, and transform like ordinary fermions under the standard model gauge group. We assume three different ETC scales, one for each family. The ETC scale associated with the first family is much higher than that associated with the second family, and the ETC scale for the second family is much higher than that for the third. For simplicity, attention will first be restricted to the class of ETC models in which the ETC gauge group commutes with the standard model gauge group. We will describe the CP violation in the ETC interactions in terms of a set of CP-violating,
operators induced by single massive ETC gauge boson exchange.
It can be shown that all the single-ETC-boson-induced four-technifermion op-
It can also be shown that all the CP-violating four-ordinary-fermion operators involve fermions from at least one of the two light families, and are thus suppressed by higher ETC scales. It is only the CP-violating four-fermion operators involving two technifermions and two ordinary fermions from the heaviest family that are suppressed by the lowest ETC scale and therefore have the largest CP-violating effects.
The contribution of these four-fermion operators to the CP-odd TGV's turns out to involve two mass insertions of the ordinary fermions. The largest contribution will therefore come from the CP-violating four-fermion operators consisting of two techniquarks and the (t, b) doublet. There are two of them, given by [17] ,
where q and Q denote the (t, b) doublet and one doublet of techniquarks respectively.
The a's are in general complex, with their magnitudes expected to be of order
where g ET C is the ETC coupling and m ET C denotes the mass of the ETC boson.
The operator L 1 4f is responsible for the generation of quark masses in technicolor theories, as can be seen by a Fierz rearrangement. When extended to include three families of quarks, it gives rise to the CKM matrix with the KobayashiMaskawa (KM) phase [10] . Since CP symmetry is respected by TC interactions, the techniquark condensates will naturally be real. It can then be shown that L 1 4f with three quark families violates CP only via the KM phase in the CKM matrix appearing in W couplings to the quarks, as well as in four-fermion operators involving both up-type and down-type quarks. All CP-violating effects of L 1 4f (with three families) will then be suppressed by the small mixing among the three quark-families and will not be considered here.
We turn now to L 2 4f . After the quarks and techniquarks get their masses, we can rewrite the effective ETC lagrangian in terms of the mass eigenstates of the fermion fields. It can then be seen that L 2 4f violates CP conservation even with only one family of quarks. Though the CP phase in L 2 4f could be rotated away by redefining the quark and techniquark fields, it will reappear in other pieces of the effective lagrangian, such as the W couplings to t, b doublet and to techniquarks.
Physical CP-violating effects are independent of this phase rotation.
The operator L 2 4f contributes to the CP-odd TGV's via the diagrams shown in Fig. 1 . The techniquarks in Fig. 1 will of course experience strong TC interactions.
As is sometimes done in both QCD and technicolor theories, one could model the strong interactions by employing dynamical mass functions Σ(p) for the single- ) relative to those with the V boson attached to the quark loop as in Fig. 1 . This can be understood as follows: in the former case it is the techniquark mass squared m 2 T F that sets the infrared (IR) scale, appearing in the denominator of the technifermion loop integral; while in the latter it is the top quark mass squared m 2 t that appears in the the denominator of the quark loop integral. Thus we need consider only the diagrams in Fig. 1 .
To simplify the computations, we use a momentum independent techniquark mass on the order of the technifermion chiral symmetry breaking scale Λ χ . This will give a good order-of-magnitude estimate of the techniquark loop integral, because the two techniquark mass insertions in the integral render this constant-mass computation at most logarithmic divergent, cut off at a scale Λ CO just above Λ χ .
As the logarithm is typically of order one, the constant mass estimate is expected to be the same order of magnitude as the dynamical mass calculation.
For the incoming momentum p of the V (γ or Z) boson below Λ χ , the evaluation of the two-loop diagrams in Fig. 1 for the CP-violating TGV's gives (taking the CKM matrix element V tb = 1),
where N C = 3 is the number of colors. The p 2 -dependent functions I tbb 1,2 (p 2 ) and I btt 1,2 (p 2 ) come from the quark loop integration and are given by,
where P (x, y) is a polynomial in x and y,
The functions I btt 1 (p 2 ) and I btt 2 (p 2 ) can be obtained by exchanging m t and m b in the above expressions for I tbb 1 (p 2 ) and I tbb 2 (p 2 ) respectively. The p 2 -independent δ parameter arises from the techniquark loop integration and is a measure of CP violation at momentum scales just below Λ χ .
In the constant mass (m T F ∼ O(Λ χ )) approximation, one is led to the simple expression for δ,
Recall that a 2 is the coefficient of the CP-violating four-fermion operator L 2 4f in Eq. (15), and that the CP-odd piece of L 2 4f is proportional to the imaginary part of a 2 (i.e. Ima 2 ). It is worth noting that this techniquark loop computation can be viewed as generating the CP-violating, dimension-four chiral lagrangian operator [17] ,
where q = (t, b) and δ = 2Imδ ′ . The remaining part of the computation leading to Eqs. (16) (17) (18) (19) then takes place in the low energy chiral lagrangian framework.
Considering that the size of δ estimated later could be of order 10 −2 , this operator suggests the possibility of large CP-violating effects in the decay t → W + + b.
For numerical evaluations, we take p 2 = (200GeV) 2 , the typical energy at which the LEP(200) collider operates, and m b ≃ 5 GeV. Since p 2 is then well above bb threshold, the functions I tbb 1,2 will have an imaginary part as well as a real part.
Depending on the top quark mass and the parameter δ, the results of Table 2 are obtained. To determine the size of these CP-violating TGVs, we next estimate δ. The ETC scale associated with the top quark must be in the range from several TeV to 10 TeV to be consistent with a top mass of 150 GeV or above [1, 2] . For our estimate m ET C will be taken to be 5 TeV. We will assume that the ETC interactions are relatively strong, with g 2 ET C ∼ 4 This is roughly the critical strength for the four-fermion interactions to trigger chiral symmetry breaking in an asymptotically free gauge theory. See Ref. [19] for details. 5 The CP violation observed in the neutral Kaon system will not be upset by maximal CP violation in L 2 4f because of the small mixing between the third and the first two families. estimated as,
up to an overall minus sign. Recall that Λ CO , m T F and Λ χ are of the same order of magnitude.
The CP-violating TGV form factors, at p 2 = (200GeV) 2 and with the top quark mass 175 GeV, can then be estimated (up to an overall minus sign),
Note that the form factors are complex. They also vary with p 2 , though the order of magnitude remains unchanged for p 2 below Λ 2 χ . The above size of the CP-odd TGV form factors in technicolor theories is comparable to or larger than estimates made in other extensions of the standard model [12] .
These form factors can be studied at pp colliders and the next generation of e + e − colliders via, for example, measurements of CP-odd asymmetries of the two W -decays in the purely leptonic, purely hadronic and mixed channels [9, 15] 
The numbers are for a top quark mass of 175GeV, with maximal CP violation in the ETC interactions assumed. Note that the enhancement of α 14 relative to α 12 and α 13 arises from the presence of an infrared logarithm ln 
where the numbers are for a top quark mass of 175GeV and maximal CP violation in the ETC sector. The W boson EDM,
Wκ γ , is then given by,
This is much larger than the standard model prediction, a three-loop effect less than 10 −38 e cm, and is comparable to or larger than its estimates in other models of CP violation [11] .
The EDMs of the Neutron and the Electron
There exist various indirect low energy experimental bounds on the CP-violating TGVs [13, 14] . The most stringent constraint of this sort comes from the neutron EDM [13] , which can be induced by the P-and CP-odd W W γ effective interaction.
Describing the strength of this W W γ vertex byκ γ , the computation of the induced neutron EDM d γ n contains an ultraviolet logarithmic divergence. This means that the neutron EDM is described by a separate (dimension-five) term in the effective chiral lagrangian -extended to include quark fields -and that in the absence of a high energy theory there is in principle no connection between the two low energy parametersκ γ and d γ n .
One approach to the logarithmic divergence of the neutron EDM in the absence of a high energy theory has been to regulate the high energy physics responsible for the low energy P-and CP-odd W W γ interaction by assigning a form factor to the W W γ vertex [13] . The form factor was taken to be approximately constant (∼κ γ ) up to new physics scale Λ ≫ m W , and falling rapidly for momentum above Λ. Then the induced neutron EDM was found to be [13] , We are now interested in the limit p → 0, where p denotes the incoming momentum of the photon. Keeping terms up to quadratic in p, the momentum space structure of the W W γ vertex is,
where k and k + p are the incoming and outgoing momenta of the W − ν and W − µ bosons respectively, and δ arises from integrating out the techniquarks and is given by the k 2 independent expression of Eq. (22) for |k 2 | ≪ m 2 T F . The CKM matrix element V tb has been set to unity. The integral functions I 0 (k 2 ) and I 1 (k 2 ) come from the quark loop integral and are defined as,
In Eq. (31), the form factor is defined for the W bosons either on-or off-shell and in the limit p → 0. Requiring the W bosons to be on-shell, Eq. (31) reduces to the f γ 6 (p 2 ) term of Eq. (2) in the limit of small photon momentum.
It can be seen from Eq. (32) that the W W γ vertex falls as We now estimate the EDM of the electron. Keeping terms linear in the electron mass m e , a unitary-gauge calculation of the diagram in Fig. 3 gives,
where G F is the Fermi constant, and the function h(t, b) is given by,
For m t = 175GeV and m b ≃ 5GeV, h( 
It is again worth noting that the computation of the electron EDM can be viewed as a two-step process. The first step consists of integrating out techniquarks above the technicolor chiral symmetry breaking scale, thereby generating the operator of Eq. (23) . The second step is doing a two-loop calculation in the electroweak chiral lagrangian framework.
The technicolor result for d γ e (Eq. 35) is to be compared with the standard model prediction of less than 10 −37 e cm [23] , arising at the four-loop level and further suppressed by the small mixing effect among the three families of quarks.
In technicolor theories, the dominant contribution to the electron EDM involves only the third family of quarks and the heavy techniquarks, and it arises at two loops in the weak coupling expansion. The current experimental limit on the electron EDM,
3) × 10 −27 e cm [22] , is about three orders of magnitudes larger than the estimate in technicolor theories. However, there is a good prospect for significant improvement over the present experimental limit using the Y bF molecule [24].
We next turn to the neutron EDM. Keeping terms linear in the light quark masses, and neglecting the W couplings connecting the first and the third families of quarks, the EDM of the u or d quark can be similarly computed from the diagram in Fig. 3 . The result is,
where f = u or d , and I u 3 = we then get [25] ,
For numerical evaluation, we take m t = 175GeV and m b ≃ 5GeV, and again assume maximal CP violation in the ETC interactions (|δ| ≃ 0.01). The neutron EDM is then estimated to be (up to an overall sign),
In the standard model, by contrast, the neutron EDM appears at the three-looplevel, and is estimated to be less than 10 −31 e cm [26] , far below the current experimental bound of |d γ n | < 1.2×10 −25 e cm [21] . Since our estimate of the neutron EDM is near the current experimental bound, further experimental improvement [27] on the limit of the neutron EDM could help to reveal the precise nature of CP violation in extended technicolor interactions.
It is interesting to note that by using the value ofκ γ of Eq. (27) To conclude this section, we note that the CP-violating operator of Eq. (23) can be extended to include the three known families of quarks and leptons, with the leptonic operators being generated by integrating out the technileptons. A fermion EDM can then be induced by these CP-violating operators at one-loop in the weak-coupling expansion (see Fig. 4 ). For the EDMs of the neutron and the electron, however, the external fermions of Fig. 4 belong to the first family, and the corresponding ETC scale is about 1000 TeV. As this scale is much higher than the ETC scale for the third family, the neutron and electron EDMs induced by the diagrams of Fig. 4 will be smaller than those induced by the P-and CP-odd W W γ vertex of Fig. 3 .
The neutron EDM is induced by both types of diagrams in Fig. 4 , with the external fermion denoting a u or d quark. For the internal fermions being the first family of quarks, and using the nonrelativistic quark model relation
we find, The electron EDM is generated only by the first diagram in Fig. 4 . A straightforward computation gives,
where m νe is the mass of the electron neutrino and δ e characterizes the strength of the leptonic version of the CP-violating operator of Eq. (23) for the first family of leptons, generated by integrating out the technielectron and technineutrino. As the mass of a Dirac-type electron neutrino is experimentally bounded to be at most several eV, its contribution to the electron EDM can be neglected.
A sizable value for m νe is possible via the see-saw mechanism if the righthanded neutrino gets a large Majorana mass. In this case, m νe will be the offdiagonal Dirac mass term in the Majorana neutrino mass matrix, and it could be assumed to have a value on the order of the mass of its charged lepton partner.
For our estimate, the ETC scale is taken to be 1000 TeV, and the technielectron and the technineutrino masses are taken to be 400 GeV and 200 GeV respectively. [20] , direct observation of these CP-violating vertices still seems unlikely.
The coefficients of the three CP-violating, dimension-four electroweak chiral lagrangian operators, defined in the p → 0 limit, are estimated in technicolor theories to be of order 10 −6 -10 −5 (Eq. (26)), about three orders of magnitudes smaller than the CP-conserving, dimension-four (custodial symmetry preserving) ones estimated in Ref. [7] . This can be understood as follows. The dimension-four CP-conserving (custodial symmetry preserving) chiral lagrangian operators are generated by integrating out the strongly interacting technifermions, and are independent of the higher scale ETC interactions. Their size is therefore of order
The CP-violating chiral lagrangian operators, however, originate from the high energy (CP-nonconserving) ETC interactions, and are naturally suppressed by Severe constraints on the CP-odd TGVs can be obtained from low energy quantities like the electric-and weak-dipole moments of the quarks and leptons [13, 14] . Among them the neutron EDM supplies the most stringent bound. Consistency between the current experimental limit on the neutron EDM and its induced value from a P-and CP-odd W W γ vertex requires |κ γ | < 2 × 10 −4 . In technicolor theories, the chiral lagrangian parameterκ γ is estimated to be |κ γ | ∼ O(10 −5 ).
This corresponds to an EDM of the W boson of O(10 −21 ) e cm, and lies comfortably within the above indirect experimental bound. The W EDM in technicolor theories is much larger than the standard model expectation < 10 −38 e cm [11] , and is comparable to or larger than its size in other models of CP violation.
The P-and CP-odd W W γ vertex for off-shell W bosons can be computed in technicolor theories, and used to estimate the EDMs of the neutron and the electron. The W W γ vertex falls like As the ETC scale for the first fermion family is two orders of magnitudes higher than for the third family, the induced EDMs of the neutron and electron from one-loop diagrams of Fig. 4 turn out to be one to two orders of magnitudes smaller than induced from the P-and CP-odd W W γ vertex (Fig. 3) 
--- Fig. 3 : The EDM of a fermion can be induced from the P-and CP-odd W W e ective vertex (denoted by the dark dot) generated by diagrams shown in Fig. 1 . The induced fermion EDM is a two-loop e ect in weak-coupling expansion. The EDMs of the neutron and the electron can also be induced from the CP-violating W f 1 f 2 vertex of Eq. (23) (extended to include the three quark-lepton families) at the one-loop level in weak coupling expansion, where f 1 and f 2 are the quarks or leptons of the rst family. Because the ETC scale for the rst family is two orders of magnitudes higher than for the third, the EDMs of the neutron and the electron generated from these one-loop diagrams are smaller than those induced from the P-and CP-odd W W vertex shown in Fig. 3 | two-loop e ects in the weak-coupling expansion. The e ective, CPviolating W f 1 f 2 vertex is denoted by the dark dot and can appear on either side of the fermion line.
